Considerable amounts of particulate and gaseous air pollutants are removed cost 53 efficiently by ecosystem services related to city forests (Nowak et al. 2006 ). The overall 54 improvement of air quality depends on the forest structure (Reinap et al. 2012 ) and 55 species diversity as both factors have major effects on total particle capture (Yang et al. 56 2005) . 57
58
Particle deposition on trees has been studied in controlled wind tunnel experiments for 59 fine particles, PM2.5, (Beckett et al. 2000) and ultrafine particles, PM0.1, (Lin and 60 Khlystov 2012). Particle capture efficiency (Cp) and deposition velocity (Vg, usually m 61 s -1 or cm s -1 ) on trees have typically been used to describe particle deposition in the tree 62 canopy. Overall, the particle capturing of coniferous species is more efficient than that 63 of broadleaved trees in similar experimental conditions (Beckett et al. 2000) . Cp 64 transformed for total leaf area varies between 0.15% and 0.21% for Douglas fir, 65
Corsican pine and Scots pine exposed to particles at a similar wind speed (3 m s -1 ), 66 whereas Norway spruce (Picea abies), had a far lower Cp of 0.06% at the same wind 67 speed (Summarized by Räsänen et al. 2013) . Different experiments should be compared 68 with care because test conditions affect particle behavior (Belot and Gauthier 1975) . For 69 example PM2.5 deposition in the tree canopy is strongly increased with increasing wind 70 velocity (Beckett et al. 2000) . which is one of the factors explaining increased particle deposition on tree foliage 85 (Räsänen et al. 2013 ). In addition, evaporative water molecules can act as particles thus 86 preventing fine particles to deposit on leaf surface (diffusiophoresis) or by cooling the 87 surface increasing the deposition (thermophoresis) (Hinds 1999) . Cp of Norway spruce 88 was higher in drought treated than well watered saplings, which was linked to lower 89 stomatal conductance and transpiration under short-term drought probably lowering the 90 diffusiophoresis (Räsänen et al. 2012 ). Studies on broad bean (Vicia faba (L.)) showed 91 that stomata can also uptake water-soluble fine particles (Eichert et al. 2008 ) 92
93
The stoma area of coniferous needles is typically covered by a structural wax layer that 94 is sensitive to environmental stress and degrades with age (Turunen and Huttunen 95 5 1990). Burkhardt et al. (1995) showed that structural wax layers have an important role 96 in particle capture of coniferous species as almost no particles were detected on 97 dewaxed plastic model trees or to the adaxial side of silver fir (Abies alba) needles, 98 which are almost free of structural waxes. The amount of leaf surface wax also 99 correlated positively with the particle mass deposited to the leaf surfaces of the 13 100 examined coniferous and broadleaved tree species (Popek et al. 2013 ). Drought can 101 increase the amount of surface wax (Turunen and Huttunen 1990) . On the contrary, leaf 102 aging and air pollution can cause wax degradation (Turunen and Huttunen 1990) which 103 may affect the particle capture efficiency. The canopy of coniferous species typically 104 contains more than one needle generation, but the age classification has rarely been used 105 in terms of particle deposition. Cape (1983), based on field studies, suggested that the 106 particles are accumulated more on older needles of Scots pine. However, our earlier 107 wind tunnel study with Norway spruce showed that particle deposition to current and 108 previous year needles was at the same level (Räsänen et al. 2012) . 109
110
This study was performed to further explore the finding that increasing particle capture 111 efficiency of Norway spruce (Picea abies) occurs under lowered soil moisture (Räsänen 112 et al. 2012 ). To do this we measured needle (C and C+1 separately) characteristics that 113 are potentially affected by drought and determine particle pollution uptake. Different to 114 previous studies, two drought treatments were used: moderate drought arranged by 115 short-term exposure and long-term severe drought with very low soil moisture. 28°21'E). Saplings were repotted in two liter pots in a 2:1 peat sand mixture and an 123 additional 1g of N:P:K (9:3.5:5) slow release fertilizer. After repotting, the saplings 124 were randomly divided into three groups: a well watered control group, a moderate 125 drought group and a severe drought group. Well watered and moderate drought exposed 126 saplings were watered two times a week, but watering of moderate drought exposed Six saplings of each treatment group were exposed for 2 hours to 144 particles with three saplings per group used as controls with no particle exposure. 145 Saplings were exposed in the experiment one by one in random order so that all groups 146 were tested at similar times of the day. The wind tunnel (6 m long and 50 cm by 147 diameter) was equipped with a particle generator (TSI 9306 Six-Jet Atomizer, T 160 SI 148
Inc., MN, USA) before the entrance to the tunnel. Particles were generated from 10 g L with p < 0.2 were further studied using polynomial contrasts of Univariate ANOVA to 222 reveal effects of different watering treatments separately in C and C+1 needles. 223
Polynomial contrast gave p-values for linear and quadratic contrast of which the higher 224 significance level was selected. Main effects and contrasts were considered statistically 225 significant when p < 0.05 and marginally significant when p < 0.1. n = 6 for Cp and 226
Vgtot (only particle-exposed seedlings) and n = 9 for other parameters. 227
228

Results
230
Older C+1 needles captured particles more efficiently than C needles (Fig. 1A, Table 1 ). 231 C needles showed similar Cptot in all the treatments whereas C+1 needles showed a 232 trend for higher Cptot on less watered saplings (Fig. 1A, Table 1) . Consequently, the 233 deposition velocity was higher on C+1 needles than on C needles (Fig. 1A, Table 1 ) and 234 there was a trend for a higher Vgtot of C+1 needles for less watered saplings (Fig. 1A , 235 Table 1 ). An effect of needle age was also observed for stomatal conductance, which 236 was higher for C+1 needles than for C needles (Fig. 1B, Table 1 ). Stomatal conductance 237 11 start values decreased with lower watering of saplings in C and C+1 needle age classes 238 (Fig. 1B, Table 1 ). Stomatal conductance of needles in both age classes (data combined) 239 The areas of individual needles were larger in C shoots than in C+1 shoots (Fig. 1C , 245 Table 1 ). Contrast analysis showed that C needle unit area decreased with lower 246 watering of the saplings, but this was not seen in C+1 needles (Fig. 1C, Table 1) . 247
Despite the observed change in needle area the stomatal density remained at the same 248 level in both needle age classes. Stomatal densities were also at similar levels in severe 249 drought (7.7 ± 0.3 # mm -1 ), moderate drought (7.2 ± 0.3 # mm -1 ) and well watered 250 groups (8.1 ± 0.2 # mm -1 ) (p = 0.164, univariate ANOVA). Waxes of the C needles 251 were generally in better condition than waxes of the C+1 needles (Fig. 1D, Table 1) . 252 NaCl treatment did not cause changes in wax structures (data not shown). 
